Bacillus thermoleovorans S-II and B. thermokovorans NR-9 produce bacteriocins, and these bacteriocins are designated thermoleovorin-S2 and thermoleovorin-N9, respectively. The bacteriocins are effective against all but the producing strain of B. thermoleovorans, as well as being effective against Salmonella typhimurium, Branhamella catarrhalis, Streptococcusfaecalis, and Thermus aquaticus. Thermoleovorins are produced during log-phase growth and are inhibitory to actively growing cells. The bacteriocins are proteinaceous in nature, being sensitive to selected proteases (protease type XI and pepsin). They are stable at pHs of 3 to 10. Thermoleovorin-S2 was more thermostable than thermoleovorin-N9 at 70 and 80°C. Thermoleovorins-S2 and -N9 apparently act by binding to the susceptible organisms, resulting in lysis of the cell. Thermoleovorin-S2 has an estimated Mr of 42,000, while thermoleovorin-N9 has a Mr of 36,000.
The discovery and characterization of antimicrobial compounds produced by organisms isolated from extreme environments are of interest and potentially important to industry. Owing to the unique nature of the compounds produced by these organisms, they might provide new or moreefficient means for the inhibition of selected microorganisms. One such area of interest is the use of bacteriocins in eliminating organisms that are responsible for food spoilage or food-related pathogenicity (3, 5, 10, 13, 16) . Although bacteriocin activity is considered to be species specific, bacteriocins produced by gram-positive organisms have proven to have a greater spectra of activity and thus possibly have a broader industrial application (16) .
We report here the characterization of two thermostable bacteriocins from Bacillus thennoleovorans S-II and NR-9. B. thermoleovorans strains are aerobic, endospore-forming, obligate thermophiles that utilize a wide array of substrates, including C13 to C20 n-alkanes. B. thermoleovorans strains were isolated by enrichment from various mud and water samples obtained from across the United States. The enrichment substrate was n-heptadecane (20) . These organisms have some relatedness to the moderate thermophile Bacillus stearothennophilus (60% DNA-DNA hybridization) but no relatedness to the mesophilic Bacillus species (20 Sensitivity to heat, pH, and enzyme activity. Thermostability of the thermoleovorins was determined at 60, 70, and 80°C. A 200-,ul aliquot of each bacteriocin was overlaid with paraffin oil to prevent evaporation and incubated at the desired temperature. At intervals, 50 AU was removed and assayed by the agar-well diffusion method using B. thermoleovorans LEH-1 as the indicator strain.
Effects of pH upon bacteriocin activity were determined by adjusting the pH of the thermoleovorin sample (50 AU in 45 ,ul of phosphate buffer) with dilute NaOH or HCl. Samples were incubated for 1 h, readjusted to pH 7.0, and assayed as described above.
Inhibition of activity by selected enzymes at 1 mg/ml was done in the buffer mixture recommended by the supplier (Sigma, St. Louis, Mo.). Fifty arbitrary units of bacteriocin was incubated at 25 or 37°C for 1 h, followed by the standard assay. Enzymes used were protease type VI, type X, and type XI; pepsin; papain; ot-chymotrypsin; trypsin type III and type IX; lysozyme; lipase type II; phospholipase A2 and C; RNase A and T1; and DNase I. The protease inhibitors pepstatin A, phenylmethylsulfonyl fluoride, and leupeptin were tested at 1 mg/ml.
Bacteriocin production. Synthesis of bacteriocin was monitored during the growth cycle of the organism. Each hour, the optical density at 600 nm (OD600) was recorded, a 1.0-ml sample of the culture was centrifuged (10,000 x g for 3 min), and a 40-plI aliquot of the resulting supernatant was assayed by the agar-well diffusion method. Production of bacteriocin by using various growth substrates was investigated by assaying the supernatant as described above. C13, C16, and C20 n-alkanes were added to L-salts at 0.1% (vol/vol). All other growth substrates were added at concentrations of 0.2%.
Binding and lysis. Binding of thermoleovorins to susceptible and nonsusceptible cells was investigated as follows. Cultures of B. thermoleovorans LEH-1, S-II, and NR-9 and of B. subtilis were grown for 7 and 18 h, respectively, at the appropriate temperature in 500 ml of TY. The cells were centrifuged at The effect of thermoleovorins on B. thermoleovorans LEH-1 at various stages of growth was investigated. Bacteriocin was added at selected time points to lawns that had been started simultaneously. After 24 h of incubation, zone sizes were recorded and correlated with the LEH-1 growth curve.
Lysis of strain LEH-1 was investigated by growing 50 ml of TY-grown cultures to a selected phase of growth (4, 7, 10, and 24 h) and centrifugation at 4,200 x g, followed by resuspension of the cells to an OD600 of 0.5 in the growth medium supernatant. Excess bacteriocin (200 AU) was added, and the cells were incubated at 55°C. At 15-min intervals, the optical density of the sample was recorded.
RESULTS
Production of bacteriocins. Two strains of B. thermoleovorans produce an antimicrobial substance that is a bacteriocin. Strains S-II and NR-9 were the producing organisms, and the bacteriocins were designated thermoleovorin-S2 and thermoleovorin-N9, respectively. Figure 1 illustrates the production of thermoleovorin-S2 during log-phase growth of the organism.
The two thermoleovorins were synthesized by the organisms regardless of the substrate. These substrates include C13, C16, and C20 n-alkanes, acetate, pyruvate, galactose, maltose, mannose, ribose, sucrose, trehalose, mannitol, casein, nutrient broth, peptone, and TY.
The thermoleovorins were produced and released into the media. Fractionation of the cultures into supernatant, cell extract, and membrane fractions demonstrated that bacteriocin activity was present in the supernatant and was not in the cytoplasm or associated with the cell membrane. The bacteriocins were differentiated from viruses by a plaque assay procedure. In this test, plaques were not formed as the bacteriocin titer increased.
Thermoleovorin-N9
Thermoleovorin-S2 Fig. 2 illustrate the thermostability of the two bacteriocins at 60, 70, and 80°C. Thermoleovorin-S2 was considerably more stable at 70 and 80°C than thermoleovorin-N9, and although it initially lost about 25% of its activity at 80°C, it retained this level of activity over the 2-h incubation period.
Inhibitory spectrum. Results in Table 1 Fig. 4 indicate that lysis of LEH-1 (decrease in OD600) occurs more rapidly when the cells are in the log phase of growth. The effects of thermoleovorin-N9 indicate that early log phase or rapidly dividing cells are lysed, whereas thermoleovorin-S2 will lyse cells over a greater portion of their growth cycle but with the greatest activity being during the log phase of growth.
Thermoleovorin-N9 The thermoleovorins are quite similar to bacteriocins produced by other gram-positive organisms. Production during the log phase of growth (14) , bactericidal action against actively growing cells (9, 12, 17), insensitivity to pH (2) , and Mr (16) were similar to those of other described bacteriocins. The ability to inhibit certain organisms outside of their genus is also typical of gram-positive bacteriocins. The thermoleovorins S2 and N9 differ in several aspects. Thermoleovorin-S2 inhibits T. aquaticus, is more thermostable (Fig. 2) , appears to have a greater lytic effect on cells over their life cycle (Fig. 4) , and is inhibited by pepsin. Thermoleovorin-N9 has a lower Mr and is inhibited by protease type XI.
Interest in the characterization of bacteriocins for commercial use in the food industry has increased research and development in this area (3, 5, 13) . Bacteriocins from the lactobacilli have been the more prominent ones, as these organisms are involved in the production of foods (10) . The ability of thermoleovorins to inhibit Salmonella typhimunum, Branhamella catarrhalis, and Streptococcus faecalis was an unexpected finding. The antimicrobial effect on Salmonella typhimurium warrants further investigation and may provide a use for these bacteriocins either in the food industry or as a feed additive for poultry. The ability of the thermoleovorins to withstand a wide range of temperatures and pH, as well as their spectrum of activity, might make them useful agents against Salmonella typhimurium.
